ABSTRACT: Lignin is a recalcitrant and underexploited natural feedstock for aromatic commodity chemicals, and its degradation generally requires the use of high temperatures and harsh reaction conditions. Herein we present an ambient temperature one-pot process for the controlled oxidation and depolymerization of this potent resource. Harnessing the potential of electrocatalytic oxidation in conjugation with our photocatalytic cleavage methodology, we have developed an operationally simple procedure for selective fragmentation of β-O-4 bonds with excellent mass recovery, which provides a unique opportunity to expand the existing lignin usage from energy source to commodity chemicals and synthetic building block source.
B
iomass is one of the most abundant renewable sources of carbon available and is considered the most sustainable alternative to petroleum. 1, 2 In parallel with its current exploitation as an energy source, biomass has the potential to be used as a source for production of low molecular weight chemicals. 3, 4 In particular, lignin is one of the most targeted components, 5, 6 as its distinctive aromatic backbone ( Figure 1a ) makes this biopolymer unique among its kind and considerably more valuable as a source for aromatic commodity chemicals 7 ( Figures 1b and 1d ). Present technologies suffer from poor selectivity and usually provide the desired fragmentation products in low yields, 8, 9 a concern that has given rise to an increased interest of several research groups in developing novel and attractive strategies for fragmentation of lignin in order to fully harness this underexploited material. Efforts have been made in this context through the use of reductive, 10, 11 oxidative, 12−15 and redox-neutral approaches, 16−19 to target the β-O-4 linkage (Figure 1c , see Scheme S1 for more details) as it is the most abundant in native lignin (45−60% of all linkages). 20, 21 In this vein, a significant focus of our research program 22 is to develop new approaches for the selective, catalytic depolymerization of lignin, 5 for which we reported a strategy based on palladium and photoredox catalysis for the oxidation and fragmentation of lignin model dimers 16, 23, 24 (Figure 2d , left). However, the intrinsic necessity of an oxidant in the reaction medium has so far limited our efforts on finding an oxidation method that would not interfere with our photochemical fragmentation conditions. For this reason we sought to investigate alternative avenues to chemical oxidation. Electrocatalytic oxidation was found to gather all the necessary requirements, as such an approach would allow for carrying out the overall transformation in a single reaction vessel due to the absence of chemical oxidants in the reaction media.
Electrochemical oxidations and reductions have long been recognized as a more environmentally benign alternative tool for chemical reactions (Figure 2a) , allowing for specific reactivity thanks in part to the ability to control the desired reaction potential. 25, 26 In the case of lignin, direct electroreduction of its backbone has been reported to be poorly efficient and to give complicated mixtures, 27 and, in the same way, attempts of carrying out direct oxidation of its structure have proven to require high oxidation potentials, 25 necessitating the use of expensive and toxic electrodes (IrO 2, 28 Pt, 29 Ru/V oxides, 30 Au, 29 or Pb 31 ). This can lead to diminished selectivity, since the oxidation of the lignin backbone via electron transfer can ultimately result in uncontrolled degradation of its structure (Figure 2b ). Alternatively, these drawbacks can be easily overcome by the use of a mediator, which significantly reduces the necessary applied potential and thus offers milder oxidation conditions and enhanced efficiency and selectivity. 26 In the case of lignin, the use of a hydrogen atom transfer (HAT) mediator was found to be a particularly attractive approach, as abstraction of the benzylic hydrogen would selectively provide benzylic oxidation (Figure 2c ). Despite these notable advantages and even though electrocatalytic oxidations have found widespread applications, such as degradation of organic contaminants 32 or synthesis of valuable organic molecules, 33 they have found scarce application in lignin valorization. 34−36 Herein, we present, to the best of our knowledge, the first sequential employment of electrocatalysis and photoredox catalysis in flow as a means to achieve efficient and highly selective fragmentation of β-O-4 lignin dimers and native lignin in a two-step one-pot process at ambient temperature (Figure 2d , right).
■ NHPI/LUTIDINE AS THE OPTIMAL CATALYST
We decided to start investigating different HAT mediators for selective benzylic oxidation of the β-O-4 lignin dimers under electrocatalytic conditions. TEMPO-related derivatives were initially considered as these systems have been well studied for alcohol oxidations, 37−39 but TEMPO was found to be too weak (BDE TEMPO−H 38 = 71 kcal·mol ) ( Figure S1 and Table S1 ).
On the other hand, in situ generated N-oxyl radicals, in particular phthalimide N-oxyl (PINO) from N-hydroxyphthalimide (NHPI), took our attention as it was found to have a suitable O−H bond strength (BDE NHPI 40 = 86 kcal·mol
) for lignin electrocatalytic oxidation 35,40−42 (Figure 2b ). Furthermore, its combination with an appropriate base has been reported to dramatically lower the oxidation potential of the PINO/NHPI redox couple. 42, 43 Accordingly, upon addition of 1 equiv of 2,6-lutidine to a NHPI solution in acetonitrile, a dramatic shift from 0.85 to 0.38 V (vs Fc + /Fc), 42 along with a more reversible redox couple (ΔE NHPI = 155 mV vs ΔE NHPI/2,6-lutidine = 82 mV) was observed, indicating improved catalytic reversibility of the system (Figure 3a) . Interestingly, the NHPI/2,6-lutidine-catalyzed oxidation of 1-(3,4-dimethoxyphenyl)ethanol was found to be efficient, and the exposure of ethanol to this catalytic system resulted in no change of the cyclic voltammogram (CV), suggesting selective oxidation of the benzylic alcohol in lignin model substrates (Figure 3b and Figures S2 and S3) .
The catalytic system was further evaluated and optimized using 1-(3,4-dimethoxyphenyl)ethanol as the model substrate. Thus, 10 mol % of NHPI and 10 mol % of 2,6-lutidine was found to be the optimal combination for this reaction ( Figures S4−S7) . As opposed to literature precedents which typically require more than 1 equiv of base for alcohol oxidations, 42 we found that addition of 10 mol % (1:1 NHPI/2,6-lutidine) afforded the greatest current densities. Indeed, cyclic voltammetry measurements revealed that addition of more than 10 mol % of base 
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Research Article resulted in a decrease of the catalytic activity of NHPI/2,6-lutidine for alcohols of type 1, an effect that was more pronounced for diols of form 5 ( Figures S5 and S6 ).
■ FROM MICRO TO BULK ELECTROLYSIS
With this promising lead in hand, bulk electrocatalytic oxidation on lignin model 1a was attempted. For this purpose, we decided to use reticulated vitreous carbon (RVC) panels as electrodes, avoiding the use of expensive glassy carbon or platinum. 44 Unfortunately, the first attempt afforded only 31% conversion of alcohol 1a to ketone 2a using 10 mol % of NHPI/2,6-lutidine over 2 h in acetonitrile (0.1 M NaClO 4 ) ( Figure 3c , entry 1). Increasing the amount of base to 1.1 equiv barely improved the outcome, giving 38% conversion of alcohol 1a ( Figure 3c , entry 2). Since the assumed mechanism in its non-electrochemical version implies the need for molecular oxygen to facilitate the oxidation, 42 O 2 -sparged acetonitrile was used instead. Chronoamperometry measurements using O 2 -sparged versus N 2 -sparged acetonitrile solutions showed an improved catalytic activity ( Figure 3e and Figure S12 ) resulting in 75% conversion to the desired oxidized product 2a even with the use of only 10 mol % of 2,6-lutidine ( Figure 3c , entries 3 and 4). Other bases resulted in decreased reactivity, and attempts to increase the conversion of this reaction by adding the NHPI in two portions of 5 mol % 45 resulted in no improvement ( Figure 3c , entries 5 and 6). During the optimization, we observed that the addition of 2,6-lutidine to the electrochemical vessel always led to the formation of a red precipitate, whereas the NHPI/2,6-lutidine mixture in MeCN produces a soluble yellow complex. We realized that the supporting electrolyte, NaClO 4 , was the cause for the red discoloration (Figure 3d and Figure S14 ) and rationalized that the formation of the precipitate might be the reason for loss of catalytic activity. Alternative electrolytes were therefore evaluated, and KPF 6 was found to produce a pale yellow homogeneous reaction mixture with no detrimental consequences on the catalytic efficiency (Figures S15 and S16). Of note, when using NaClO 4 as electrolyte an unusual dependence in the order of addition of the reagents was observed, as the addition of 2,6-lutidine last to the reaction mixture resulted in a drastic decrease of the efficiency of the reaction, while the use of KPF 6 as electrolyte ensured good catalytic efficiency independent of the order of addition of the reagents to the reaction mixture. Thus, using KPF 6 as the electrolyte we observed a significant improvement in the reaction performance, and extending the reaction time from 2 to 4 h resulted in increased conversion of 1a, affording ketone 2a in 83% isolated yield (Figure 3c, entry 7) . When the chlorinated NHPI derivative 3,4,5,6-tetrachloro-N-hydroxyphthalimide (Cl 4 NHPI) 44 was tested, slightly lower conversion was observed ( Figure 3c , entry 8, and Figure S42 ). Control experiments highlighted the crucial roles of NHPI, base, and the applied potential in this reaction (Figure 3c , entries 9−11, Table S2 , and Figure S18 ).
■ EN ROUTE TO A ONE-POT PROCESS
Evaluating the compatibility of this efficient electrocatalytic oxidation with our previously disclosed reductive C−O bond cleavage methodology 16, 24 was the crucial next step. 46 As there 
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Research Article are several benzylic oxidation methods that require reagents that would inhibit our photocatalytic reductive conditions, it was necessary to demonstrate that the presence of the NHPI, 2,6-lutidine, electrolyte, oxygen, or even H 2 O 2 (generated in situ 
Research Article during the oxidation, Figure S13 ) could be tolerated. A series of control experiments testing the compatibility of these components with the reductive fragmentation methodology revealed complete conversion to the C−O bond cleavage products in all cases ( Figure S19 ). With these encouraging results in hand, a one-pot reaction was performed by simply adding the [Ir(ppy) 2 (dtbbpy)](PF 6 ) photocatalyst, diisopropylethylamine (DIPEA), and formic acid to the reaction vessel after oxidation. A flow reactor was selected in this case due to the demonstrated superior performance of these flow systems in photochemical transformations compared to batch reactions and their easier implementation in large scale processes.
47, 48 The use of a 4.6 mL flow reactor at 0.1 mL/min afforded 75% isolated yield of the cleaved ketone 3a accompanied by 30% of guaiacol (4a) ( Figure  4 ). Only 18% of starting material 1a was recovered, but more importantly, no traces of the intermediate 2a were observed, highlighting the efficiency of our photocatalytic reductive methodology even in the presence of the additives from the electrocatalytic oxidation. When diol-type substrate 5a was submitted to the same procedure, only oxidation of the benzylic alcohol was observed, as reflected by our previous cyclic voltammetry measurements. After the two-step one-pot fragmentation sequence, the cleavage products β-hydroxyketone 7a and guaiacol (4a) were isolated along with 25% recovered diol 5a, observing no traces of byproducts derived from the oxidation of the primary alcohol. When the same procedure was applied to 1a using Cl 4 NHPI, 14% of intermediate 2a was recovered, potentially arising from interference of this mediator in the photocatalytic cleavage ( Figure S43 ).
■ TOWARD A CONTROLLED LIGNIN FRAGMENTATION
Encouraged by these results, the scope of the NHPI/2,6-lutidinemediated one-pot methodology was examined on a variety of different lignin models. Cyclic voltammetry measurements demonstrated that the electrocatalytic oxidation of all the evaluated lignin model substrates (1 and 5) could be performed using the NHPI/2,6-lutidine system ( Figures S35 and S36) . Therefore, bulk electrocatalytic oxidation followed by photocatalytic fragmentation in flow was applied to coniferyl-and sinapyl-derived dimers 1b, 1c, 5b, and 5c, affording the cleaved products in good to excellent yields in all cases (Figure 4 , conditions A). However, partial recovery of the starting lignin systems 1 and 5 was always observed, especially for alcohol 1c, where 37% of unreacted starting alcohol was recovered. We realized that extending the oxidation reaction time to 6 h gave complete conversion, obtaining excellent yields of the fragmentation products of dimers 1b, 1c, 5b, and 5c (Figure 4 , conditions B). The improved reaction conditions were subsequently applied to coniferyl-derived alcohols 1d and 1e, diols 5d and 5e, and sinapyl derivative 5f, thus affording excellent yields of the fragmentation products. Not surprisingly, the less electron-rich alcohol 1f showed the lowest catalytic efficiency ( Figure S35 ) and gave incomplete conversion in the electrocatalytic oxidation, resulting in 38% recovery of unreacted starting material (Figure 4) . The two-step protocol was also compatible on large scale; conducting the electrocatalytic oxidation followed by reductive cleavage with 0.5 g of 1a afforded a 67% yield of ketone 3a and a 67% yield of guaiacol (4a) (Figure 4 and Figure S25) .
Importantly, native lignin isolated from pine ( Figure S26 ) was subjected to the one-pot reaction conditions. The isolated lignin was found to be insoluble in acetonitrile, but after evaluating different solvent systems, we realized that an acetone/DMSO (98:2) combination provided a homogeneous mixture, which was submitted to the optimal electrocatalytic oxidation conditions ( Figures S27−S29) . After 6 h, signals characteristic of oxidized lignin were observed by heteronuclear single quantum coherence (HSQC) spectroscopy (Figure 4 , for complete HSQC see the Supporting Information), indicating successful oxidation of native lignin under the NHPI/2,6-lutidine catalytic system. In addition, the subsequent photocatalytic cleavage in flow was also compatible with the alternative solvent system ( Figure S28 ) affording controlled fragmentation of native lignin as revealed by HSQC spectroscopy (Figure 4) . Gel permeation chromatography (GPC) analysis indicated the formation of monomeric and oligomeric units with lower molecular weight than native lignin (∼43 wt % of oligomeric units, and up to 55 wt % of low molecular weight units), and this result was also supported by GC−MS, where three major peaks were identified (Figure 4 and Figures S30 and S31 ). The analysis of these three peaks revealed that monomeric units II and III observed in the fragmented lignin may arise from the same monomeric unit I, as the injection of pure material of I gave an additional two peaks corresponding to units II and III in the fragmented lignin sample. Using calibration curves, the entire area of peak II was calculated to directly derive from monomer I (Figure 4 and Figures S31−S33 for further details), which indicates that I and III are the major monomeric units obtained after the two-step one-pot procedure. Accordingly, the yields for monomers I and III were calculated to be 1.30 and 1.14 wt % respectively ( Figure S33 ). The analysis of the structure of I and III shows that they can only arise from the cleavage of two consecutive β-O-4 linkages under the applied reaction conditions, which demonstrates that the developed electrocatalytic oxidation−photocatalytic cleavage is not only highly effective in fragmenting β-O-4 bonds but also highly selective, leaving intact other linkages found in native lignin. Compared to other methods reported in the literature for native lignin depolymerization, 6, 8, 11, 13, 15, 16 the yields reported for the observed monomeric units using our conditions might seem to be low. However, it is important to notice that due to the high selectivity of this method, nonconsecutive β-O-4 linkages that are also being cleaved are not being taken into account in the overall yield for the monomeric species ( Figure S34) .
While the methodology reported in this work does not represent the scale that would be required for the application of this procedure in industry, it is another clear example that illustrates the potential of both technologies, electro-and photocatalysis, to provide friendlier, alternative methods to more traditional processes. Further development of these technologies in industrial scale (especially flow electrochemistry 49 ) would represent a viable renewable alternative to fossil fuels as a source for aromatic commodity chemicals.
■ MECHANISTIC INSIGHTS
We were intrigued about the mechanism of the electrocatalytic oxidation of alcohols via NHPI/base catalyst, as it has scarcely been discussed in the literature. 41, 42 For this reason kinetic isotope effect (KIE) experiments were performed for 1a and 1a-D1 using O 2 -or N 2 -sparged acetonitrile. The obtained values of 2.3 for individual runs and 5.6 for the intermolecular competition experiment using O 2 -sparged acetonitrile (Figure 5c , Figures S37−S39) indicate a primary KIE and suggest that the abstraction of the benzylic hydrogen might be the rate-or
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With these data in hand, the mechanism of the electrocatalytic oxidation is proposed to be initiated by the anodic oxidation of NHPI to PINO, a process facilitated by 2,6-lutidine via PCET 43, 50, 51 (Figure 5a) . HAT from the substrate 1 would regenerate the NHPI (rate-determining step) and provide the α-hydroxy radical 1′. Direct deprotonation to a ketyl radical anion followed by oxidation would be one route to 2, but as our previous results have shown, 16 these intermediates should readily cleave the β-O-4 bond, a feature that is not observed under the electrocatalytic conditions. Alternatively, PCET-based oxidation of 1′ (2,6-lutidine as base) with O 2 as oxidant (or the anode) would directly provide ketone 2 and superoxide. Additionally, dioxygen is known to trap α-hydroxy radicals at near diffusionlimited rates (k > 10 9 M −1 s −1 in water 52 ), but oxygen adducts of this type are known to fragment to ketones (k > 10 6 s −1 in water 52 ), a process that is greatly accelerated by base. 53, 54 This again indicates a PCET mechanism, one that would provide 2 equiv of superoxide per fragmentation. In either case, hydrogen peroxide would be formed from superoxide after protonation and HAT from NHPI (Figure 5b , see Figure S40 for further details). From this mechanism, the increased catalytic activity in the presence of molecular oxygen (31% with N 2 , 71% with O 2 for the oxidation of 1a to 2a under the same reaction conditions, Figure  3c , entries 1 and 4) could thus be rationalized by the fact that two anodic oxidations are required under anaerobic conditions (2 mol of electrons per mol of substrate) compared to a single anodic oxidation event when oxygen is present in the reaction should the processes proceed via closed catalytic cycles. In addition, in the presence of oxygen an equivalent of PINO is also formed for each equivalent of reacted alcohol, suggesting that a propagative mechanism could be present. To further analyze the electrocatalytic system, the diffusion constant of the NHPI/2,6-lutidine catalyst derived from the Randles−Sevcik equation was calculated to be 1.25 × 10 −3 cm 2 s −1 at 25°C ( Figure S9 ) and the catalytic system exhibited a first-order dependence on the alcohol and a first-order dependence on the NHPI/2,6-lutidine catalyst (Figures S10 and S11) with an observed rate constant of 0.011 s −1 (v = k obs C NHPI/lutidine where k obs = kC 1a 0 ) (Figure 5d ).
■ CONCLUSIONS
In conclusion, an efficient and selective one-pot method for fragmentation of the β-O-4 bond of lignin-type dimers and native lignin by combining electrocatalytic oxidation and photocatalytic fragmentation in a seamless batch to flow processing at ambient temperature has been described. Harnessing the potential of electrocatalysis to predict the initial behavior of electrocatalytic reactions enabled the optimization of a metal-free and inexpensive NHPI/2,6-lutidine system for bulk electrocatalytic oxidation of lignin-type substrates and native lignin. In addition, the use of photocatalytic and flow technologies, which are quickly being adopted for industrial applications due to their proven advantages, highlights the predictability and reliability of this one-pot protocol. We anticipate that this strategy will stimulate renewed interest in the application of electrochemistry to the depolymerization of lignin and its eventual utilization as a renewable carbon feedstock.
■ METHODS
General Procedure for the One-Pot Electrocatalytic Oxidation−Reductive Cleavage in Flow. A mixture of lignin model 1 or 5 (0.32 mmol), NHPI (10 mol %, 5.2 mg), and 2,6-lutidine (10 mol %, 3.7 μL) in oxygen-sparged acetonitrile (0.05 M KPF 6 , 16 mL) was subjected to electrocatalytic oxidation for 6 h at 0.64 V (vs Fc + /Fc) (see Figure S17 ). Then, [Ir-(ppy) 2 (dtbbpy)](PF 6 ) (0.5 mol %, 1.4 mg) and a mixture of DIPEA (1.1 equiv, 61 μL) and formic acid (10 mol %, 1.2 μL) in acetonitrile (1.0 mL) were added and the reaction mixture was irradiated with blue LEDs in flow at 0.1 mL/min (10 m of PFA tubing, 0.03 in. internal diameter). The collected mixture was concentrated, extracted three times with CH 2 Cl 2 from water, washed with water and brine, dried over Na 2 SO 4 , and concentrated. The crude mixture was purified by column chromatography to give the fragmentation products (see the Supporting Information for further details). 
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